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Fitzpatrick et al. 2007). Competition, dispersal and
environmental heterogeneities can have significant
effects on the spatial patterns observed in plants
(Seabloom et al. 2005). In animals, it is well known
that competition through behavioral interactions,
such as aggression in ants, can lead to the exclusion
of species from certain areas (Cole 1983).
Competition can lead to quantifiable effects on
plant distribution and diversity (Goldberg and Barton
1992). Competition can slow the invasion of a new
species even if the established species is an inferior
competitor (Hart and Gardner 1997), and the distri-
bution of a species in invaded areas may be quite
different from predictions based on its native distri-
bution due to the novel competitive environments
experienced (Poll et al. 2009). Because they are
sessile, plants cannot leave environments where they
experience high levels of competition. It is their
interactions with their immediate neighbors that are
of most importance, thus the spatial distribution of
neighbors can influence the degree of competition
actually experienced (Pacala 1986).
Studies of negative associations in the distribution
of ecologically similar species date back at least to
Diamond’s (1975) study of birds on islands off New
Guinea, where he described a ‘‘checkerboard’’ pattern
in species associations, in which ecologically similar
species did not coexist on islands. Diamond argued
that competition led certain pairs of species to not co-
occur. In a study of many assemblages of stream
fishes, Winston (1995) similarly found that morpho-
logically similar species were less likely to co-occur,
and that competition was the most likely explanation
for this pattern. Wilson (1988) studied plant commu-
nities in New Zealand and found an excess of both
negative associations and positive associations com-
pared to those expected under null models. The
excess of negative associations would suggest com-
petition, although in their study it is not possible to
exclude different habitat preferences as a partial
explanation. In general, it is important to attempt to
disentangle the roles that habitat preference and
competition may play in determining spatial patterns.
Spatial heterogeneities in population abundances
can arise from environmental and community factors
and are usually spatially autocorrelated (Legendre
1993). Spatial covariances can be important in
linking observed patterns with ecological processes
(Bjørnstad and Falck 2001). Direct (resource)
competition between species should lead to negative
cross-correlations at small distances but possibly
positive cross-correlations at greater distances, indic-
ative of local spatial segregation but positive associ-
ation at the scale of the size of favorable germination
patches if species share environmental preference
(Dale 1999). For example, in an experimental study
of the development of spatial structure in an exper-
iment in California grasslands, competition was
found to cause spatial segregation between grass
species (Seabloom et al. 2005). Within species,
limited dispersal should cause species to have a
locally aggregated pattern (positive autocorrelation).
Environmental heterogeneities can thus cause aggre-
gation within a species and either aggregation or
segregation (negative autocorrelation) between spe-
cies, depending on whether the species have the same
or different habitat preferences. Indirect interactions
between species, such as apparent competition, can
operate at a different spatial scale than direct
interactions, and can influence patterns in different
directions. The resulting spatial structure can be
studied by examining patterns of autocorrelation and
cross correlations at different spatial distances, which
can be described by spatial statistics such as corre-
lograms or variograms (Legendre 1993). The net
effect of all of these processes on the spatial structure
can be predicted from spatially-extended population
dynamic models (Bolker and Pacala 1999; Seabloom
et al. 2005).
Spatial scaling is fundamental to ecology, and
different patterns may be observed at different scales
(Wiens 1989). It is important to study correlation at
several scales, as a lack of autocorrelation at one
scale does not imply that there is no autocorrelation at
other scales (Legendre and Fortin 1989). For exam-
ple, in a study of two Ulex spp., Bullock et al. (2000)
found that apparent co-occurrences at larger scales
disappeared at finer scales. The patterns that can be
observed are limited by the scale at which they are
studied; inappropriate studies of scale can lead to
misleading conclusions about the system (Freckleton
and Watkinson 2002; Wiens 1989).
Allen and Shea (2006) documented a striking
distributional pattern consisting of strong spatial
segregation on a large-scale study (extent: 50 9
100 km, resolution 5 9 5 km) in central Pennsylva-
nia, USA of two congeneric invaders (see Fig. 1).
Carduus nutans L. and C. acanthoides L.
(Asteraceae) are thistle species from Europe and
Asia, which have spread to become invasive species
in the Americas, South Africa, Australia and New
Zealand (Julien and Griffiths 1999). Both species are
present in all cardinal directions away from Allen and
Shea’s (2006) study area; thus this is not an obvious
case of non-overlapping range limits, nor do any
environmental correlates explain this pattern. Allen
and Shea (2006) propose several possible hypotheses
to explain this distributional pattern, including com-
petition between the two species; however, many of
the mechanisms which could create such a pattern are
hard to test at the coarse grain of their study.
In order to investigate the distributional patterns of
Carduus nutans and C. acanthoides, we monitored the
region of overlap identified in 2002 by Allen and Shea
(2006) in 2004 and 2005 (regional scale). We also
studied field-scale (intermediate) spatial patterns
within four areas of natural co-occurrence, as well as
within plot scale (fine scale, less than 1 m) patterns
within quadrats in these fields from 2003–2005. We
analyze in detail the co-occurrence patterns of these
species at these three levels of spatial resolution, and
specifically ask the question whether or not the patterns
of co-occurrence are consistent with the effects of
direct competition between these two species.
Methods
Species description
Carduus nutans and C. acanthoides are both mono-
carpic perennials of Eurasian origin (Desrochers et al.
1988). They are difficult to distinguish morphologi-
cally at the rosette stages (Desrochers et al. 1988);
however, pubescence on the underside of the leaf and
leaf shape may be used to separate the species
(McCarty et al. 1969). Vernalization is required for
both species to bolt, after which their basal leaves
decay. C. nutans grows to be approximately 2 m tall;
C. acanthoides is generally slightly shorter, approx-
imately 1.5 m tall (Rhodes and Block 2000) or taller
(E. Rauschert, pers. obs.). Both species produce
conspicuous purple flowerheads that are easily visi-
ble. When flowering, the species differences are most
pronounced: C. nutans produces fewer, larger flow-
erheads and fewer stems, whereas C. acanthoides
produces many small flowerheads and more stems.
In North America, C. nutans was first recorded near
Harrisburg, PA in 1853, and C. acanthoides was first
recorded in New Jersey in 1879 (Desrochers et al.
1988). Both occupy overgrazed pastures and disturbed
roadsides. These species colonize new areas by seed
Fig. 1 2002 distributions
of Carduus nutans
L. and C. acanthoides
L. Figure 1 shows the
distribution of C. nutans
and C. acanthoides in
central Pennsylvania
(redrawn from Allen and
Shea (2006)). The species
are highly segregated, and
there are fewer populations
of both species in the area
of overlap
dispersal; there is no record of vegetative reproduction
(Desrochers et al. 1998). Individuals of both species
can produce many thousands of seeds (Feldman and
Lewis 1990; McCarty 1982) which are wind-dis-
persed. Studies of dispersal through seed tracking
suggest that the two species disperse to similar
distances, with estimates of mean dispersal ranging
from 1.79–2.13 m for C. nutans and 1.60–1.99 m for
C. acanthoides (Skarpaas and Shea 2007). C. nutans is
also dispersed by water, birds and farm animals and
vehicles; contaminated agricultural seed is an impor-
tant mechanism of dispersal (Medd and Smith 1978).
C. acanthoides is presumably also dispersed via such
routes. Contaminated hay bales are a potentially
important mechanism of localized, human-mediated
dispersal for both species (D. Mortensen, pers.
comm.). Skinner et al. (2000) rank C. nutans and
C. acanthoides as the second and fifteenth most
commonly listed noxious weeds in the US, respec-
tively. Chemical, mechanical and biological control
have been attempted with some success (Desrochers
et al. 1988; Kok 2001; Kok and Mays 1991; Kok and
Surles 1975; Sindel 1991).
There have been some reports of hybridization
between the species (Hegi 1987; Moore and Mulligan
1956; Warwick et al. 1989); however, because
C. nutans and C. acanthoides have different numbers
of chromosomes, hybrids are almost completely
sterile. There is also limited phenological overlap
between the two species in Pennsylvania, thus most
individuals observed were unlikely to be hybrids.
Self-fertilization is common, with rates of up to 50%
reported (Warwick and Thompson 1989).
Survey methods
Surveys were conducted at three spatial scales, as a
multi-scale approach better allows an understanding
of both the patterns and processes involved in
invasions (Pauchard et al. 2003; Pauchard and Shea
2006). The spatial scales of the regional, field and
plot surveys are summarized in Fig. 2. Extent and
grain are specified, as both are important aspects of
scale (Wiens 1989).
Regional survey methods
In order to monitor the stability of the regional
distribution, the area of overlap was monitored in
2004 and 2005 using similar methods to Allen and
Shea’s 2003 survey (Allen and Shea 2006); we
summarize the approach here. The survey area is a
100 9 50 km area divided into blocks of 5 by 5 km.
Surveillance was done by driving along pre-chosen
roads at a constant speed for 20 km per block in
2002, and 10 km per block in 2003. In 2004 and
2005, we surveyed blocks in the core 2002 areas of
overlap. We surveyed 43 blocks in 2004 and 46
blocks in 2005. When a species was found, the
location (using a Garmin ETrex Legend GPS unit),
elevation, population size, abundance, spatial extent,
road type, slope location (i.e. before, on or beyond
the slope at the road edge), environment, slope and
aspect were recorded. In contrast to Allen and Shea
(2006), there was no ‘‘stopping rule’’- all 10 km of
each block were surveyed regardless of whether a
species had previously been recorded in a given
block. Moreover, unlike Allen and Shea (2006), we
also recorded populations that were sighted within
2 km of the last population. These differences allow
us to better estimate the densities of C. nutans and
C. acanthoides populations in a block. Surveys were
conducted when both species were flowering, as
inflorescences can be seen from at least 100 m away
(Allen and Shea 2006). In 2005, we also revisited all
co-occurrence sites (14) that had been found in
2002–2004, to examine the short-term persistence of
these mixed populations.
Field survey sites
Three of the sites identified as co-occurrences by
Allen and Shea in 2002 were suitable for within-field
surveying because they were accessible and had
more than ten individuals of both species still
present in 2003. We located a fourth site by driving
in the area of overlap in 2003. All of these sites of
overlap were located in Perry and Cumberland
Counties in Pennsylvania. One site was an aban-
doned industrial site (Site I), two sites were perma-
nent pastures (Sites P1 and P2) and one site was a
long roadside over a forested ridge (Site R); these
represent common habitat types for these species
(Batra 1978). Both pastures chosen were permanent
pastures, as rotations to tilling and cropping may
break the cycle of biennials and perennials and
obscure the co-occurrence patterns. Site descriptions
are listed in Table 1.
123
2004 and 2005 Field surveys
Fields were sampled using 1 9 1 m quadrats covering
at least 10% of the area of the field. In order to avoid
problems of possible periodicity in the pattern (Krebs
1989), quadrat locations were chosen randomly each
year. While re-randomizing between years does not
allow us to track the fate of individuals, it does allow
more independent estimates of the spatial pattern each
year. Within a quadrat, the spatial location and species
identity of each thistle was noted at a 5 cm resolution,
giving spatial information at a yet finer scale. For
flowering plants, the height of each individual and
numbers of stems and flower heads were quantified. For
rosettes, the longest leaf length was recorded; plant
performance is size-dependent and longest leaf length is
a good proxy for size (Kelly and Popay 1985; Shea and
Kelly 1998). In 2004 and 2005, there were so few
C. nutans individuals within the survey quadrats in P1
that it was decided to collect an extra dataset by
centering quadrats on each C. nutans adult and survey-
ing as usual; this extra dataset is referred to as P1X.
Fig. 2 Scales of study.
Each square indicates an
area studied. Each empty
square represents an
absence, red squares
indicate C. acanthoides
presence, green squares
indicate C. nutans presence,
and blue squares indicate
presence of both species. At
the field scale, we studied 4
fields of co-occurrence, and
at the quadrat scale, we had
between 180 and 320
quadrats in each site. The
data shown (from 2004, Site
I, Quadrat 63) are presence-
absence data
Analyses
All analyses were performed in R (R Development Core
Team 2010), and ArcGIS (ESRI 1999-2001) was used
to visualize the larger scale data. Correlograms and
cross-correlograms were used to analyze the spatial
patterns of the thistle distributions at the regional and
coarse-field scales. We are primarily interested in
whether the correlations at the smallest distances are
positive or negative, to assess whether there was
evidence for competition between the two species. We
term ‘‘positive autocorrelation’’ when autocorrelation at
the smallest distance classes is positive, and ‘‘negative
autocorrelation’’ when the autocorrelation at the small-
est distances is negative, and similarly for cross-
correlations. In the case of cross-correlation, the former
reflects association and the latter segregation. The
significance of the correlation coefficients was calcu-
lated using a two-sided permutation test. A correlogram
is considered globally significant if at least one corre-
lation coefficient is significant at the level a0 = a/t
(Bonferroni corrected level), where t is equal to the
number of distance classes, and we consider the
a = 0.05 level (Legendre and Fortin 1989). All corre-
lograms were calculated using the ‘‘correlog’’ function
in the ‘‘ncf’’ package in R (Bjørnstad 2009), which uses
Moran’s I for the correlation coefficients.
At the regional scale, we examined autocorrelation
in block densities of populations (the number of
populations of a species seen along a 10 km stretch of
road in a 5 9 5 km block) for both species, and
cross-correlograms between the two species, using a
binning increment of 10 km. We only included
blocks within the area of co-occurrence (32 blocks)
in our analyses. We used a square root transformation
of the density indicators to stabilize the variance in
the data (Sokal and Rohlf 1995). We also examined
autocorrelation and cross-correlation in block pres-
ence or absence of a species, in order to compare our
results to those of Allen and Shea (2006).
At the field scale, we examined correlograms and
cross-correlograms of the square-root transformed
abundances. We examined autocorrelations in rosettes,
flowering plants and all individuals for both species.
For both auto- and cross-correlations, results for the
rosettes, flowering plants and all individuals were
similar, so we only present the results for all individ-
uals. We also examined cross-correlations within a
species between rosettes and flowering plants, which
was generally similar to the autocorrelation results. P1
and P1X datasets were merged for this analysis. For
each field, the distance classes were created using a
binning increment of 2 m. For Site R, we also present
additional correlograms with a binning increment of
50 m, in order to look at the pattern at the broader
scales of the site (approximately 1,200 m long).
Often joint absences are not considered in such
analyses, with the rationale that each species could be
absent for different reasons (e.g. in a temperate forest,
there are neither polar bears nor tropical birds, for
reasons which do not indicate similarity). However,
in this instance, the entire field is suitable climatically
and in terms of soil characteristics, thus joint absence
is still relevant. We present correlograms run both
with and without co-absence to allow comparison
with finer scale analyses.
Table 1 Field site descriptions
Site
name
Coordinates Area Species composition Land use
P1 40.379N
77.306W
80 9 30 m Mostly Carduus acanthoides L. Pasture: occasional cattle grazing
P2 40.225N
77.431W
80 9 25 (main)
45 9 40
(middle)
More even mix, still more C. acanthoides Pasture: daily cattle grazing, main
area near temporary stream
I 40.183N
77.238W
45 9 40 m Area surveyed had both species, side of field had
highest Carduus nutans L. density observed
anywhere
Abandoned industrial site
R 40.301N
77.400W
1,200 9 1 m
(linear habitat)
Top of slope had mostly C. nutans, lower areas
had mostly C. acanthoides
Roadside along ridge through
Colonel Denning State Park
At the fine scale, we were unable to analyze the
full dataset due to computation limitations in calcu-
lating correlograms with extremely large sample
sizes. The data were subset to exclude areas of joint
absence, which sufficiently reduced the sample size
to allow the calculation of correlograms.
Results
Regional survey
The regional scale results (Fig. 3), showing a nega-
tive cross-correlation, were consistent with the find-
ings of Allen and Shea (2006). The presence-
absence auto-correlograms (Fig. 4) were only glob-
ally significant for C. nutans in 2005, where positive
autocorrelation was observed. The other three auto-
correlograms suggest positive autocorrelation but are
not globally significant. Density auto-correlograms
(data not shown) reveal the same pattern.
Both the presence-absence and density cross-cor-
relograms show negative cross-correlation at shorter
distances and positive cross-correlations at longer
distances. The spatial extent of negative correlations is
smaller than that found by Allen and Shea (2006) for
the full dataset, although subsetting their data to only
include the blocks that we resurveyed leads to
correlations similar to those we see (negative cross-
correlation up to 15–20 km), and so is a function of the
smaller extent of our surveys.
Of the 14 previously identified co-occurrence sites
revisited in 2005, 3 had no flowering thistles, possibly
due to management changes. Two sites had only
C. acanthoides present, and one site had only
C. nutans present. The nine other sites still had at
least 10 individuals of both species.
Within-field surveys
There was considerable variation in the quadrat mean
thistle densities, and the standard deviation was
generally larger than the mean, indicating non-
random patterns (Table 2). There were differences
among fields and years: P2 generally had more
thistles of both species (both flowering plants and
rosettes) in 2005. Sites P1, I and R generally had
more rosettes of both species in 2004 than in 2005;
these fields had more bolting plants of both species in
2005 than in 2004, except Site R, which had more C.
nutans flowering in 2005 than in 2004.
Significant positive autocorrelation within a species
as well as positive cross-correlation between species are
shown in the correlograms for Sites P1, P2 and I
including joint absence quadrats, which show the
overall pattern in the field (Fig. 5). This pattern was
generally consistent regardless of whether just rosettes,
just flowering plants, or all individuals of a species were
considered. All correlograms are globally significant.
The spatial scale of autocorrelation was generally
similar, ranging between 10–20 m, with considerable
variation seen. Cross-correlations between flowering
plants and rosettes within a species were generally
positive and were very similar to the autocorrelation
Fig. 3 Regional survey maps from 2004 to 2005. The area of
overlap was resurveyed in 2004 and 2005. In 2004 43 blocks
were surveyed; 21 contained C. nutans, 16 contained
C. acanthoides and 6 contained both species (i.e. 12 had no
thistle populations). In 2005, 46 blocks were surveyed; 20
contained C. nutans, 20 contained C. acanthoides, and 9
contained both species (i.e. 15 had no thistle populations). Of
the 77 thistle sites identified in 2004 and 82 sites in 2005, there
were 7 and 13 co-occurrence sites observed in 2004 and 2005,
respectively. The smaller map shows the relationship of our
survey area to the larger area surveyed by Allen and Shea (2006)
results. However, Site R had a very different pattern
(data not shown), perhaps because there were almost no
quadrats of actual co-occurrence in this site. The top of
the ridge tended to have C. nutans plants only, and the
lower portion of the ridge site tended to have C. acantho-
ides plants only. The correlograms of the smaller
distances showed negative cross-correlation, but the
coefficients were not significant. The autocorrelations
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Fig. 4 Presence–absence correlograms from the regional
survey. Correlograms show the correlations at various dis-
tances. Positive autocorrelation or cross-correlation occurs
when correlations at the smallest distance classes are positive,
and similarly for negative auto/cross-correlation. The filled
dots indicate that a particular coefficient was significantly
negative or positive. An increment of 10 km was used for these
analyses. The 2004 autocorrelation correlograms are not
globally significant, nor is the 2005 C. acanthoides autocor-
relation correlogram. There is positive autocorrelation for each
species but negative cross-correlation between species
were still positive. The larger distance correlograms of
Site R (using a binning increment of 50 m,) showed
positive autocorrelation for both species, but the cross-
correlation was negative in both years.
When excluding the double-absence quadrats to
examine the fine scale results, a very striking differ-
ence is observed in the cross-correlograms (Fig. 5).
Whereas including the double-absence quadrats led to
a positive cross-correlation, excluding them resulted in
local negative cross-correlation in all fields in all years.
This result is also observed when re-running medium
scale correlograms (2 m binning increments) without
including double-absence quadrats. The change in
pattern is consistent with local competition for favor-
able germination sites.
In summary, we found different associations
across the different scales (Fig. 6). Autocorrelation
was positive for both species across scales, whereas
cross-correlations varied at different scales. Negative
cross correlation was observed at the regional scale,
but the field scale revealed positive association
between the two species. When examining a finer
scale, only considering areas of fields where thistles
occurred, negative correlation between the species is
again apparent.
Discussion
The negative association between the two species at
the regional scale appears to be consistent over the
4 years it was studied (2002–2005). These findings
may suggest negative interactions between the two
species, although abiotic factors are generally con-
sidered to drive distributions (particularly range
limits) at larger scales (Levin 1989; Wiens 1989). It
is known that both species co-occur at a larger scale:
in North America, both species co-occur in 31 out of
48 states and five Canadian provinces (Allen and
Shea 2006; USDA-NRCS 2010). However, at the
scale of a field, we find positive cross-correlations
between the two species when including all quadrats
studied, which does not support the idea that there is
strong competition between these species, leading to
exclusion. In fact, these results are the opposite of
what others have found (e.g. Bullock et al. 2000;
Purves and Law 2002): instead of apparent
co-occurrences disappearing at finer scales, we
see apparent segregation disappear at finer scales.T
a
b
le
2
S
u
m
m
ar
y
o
f
th
e
n
u
m
b
er
s
an
d
d
en
si
ti
es
o
f
th
is
tl
es
in
fo
u
r
fi
el
d
s
o
f
co
-o
cc
u
rr
en
ce
F
ie
ld
P
1
P
1
X
P
2
I
R
Y
ea
r
2
0
0
4
2
0
0
5
2
0
0
4
2
0
0
5
2
0
0
4
2
0
0
5
2
0
0
4
2
0
0
5
2
0
0
4
2
0
0
5
F
lo
w
er
in
g
C
.
n
u
ta
n
s
1
1
1
1
2
6
2
1
0
3
9
2
0
2
1
5
2
7
8
F
lo
w
er
in
g
C
.
a
ca
n
th
o
id
es
1
5
2
4
2
6
1
4
1
5
9
7
1
3
4
4
4
3
7
6
1
2
3
3
1
0
C
.
n
u
ta
n
s
ro
se
tt
es
2
4
4
1
0
2
6
3
5
4
6
1
7
6
4
9
C
.
a
ca
n
th
o
id
es
ro
se
tt
es
9
0
2
3
5
4
5
4
1
3
3
1
4
8
1
,4
6
5
6
1
2
1
4
3
C
.
n
u
ta
n
s
q
u
ad
ra
t
d
en
si
ty
(p
la
n
ts
/m
2
)
0
.1
1
±
0
.4
3
0
.0
7
±
0
.4
3
2
.0
0
±
2
.1
0
1
.3
6
±
0
.7
6
0
.0
5
±
0
.2
8
0
.2
3
±
1
.1
1
0
.3
7
±
1
.2
5
0
.2
1
±
0
.7
3
0
.5
3
±
1
.7
1
0
.3
6
±
1
.4
4
C
.
a
ca
n
th
o
id
es
q
u
ad
ra
t
d
en
si
ty
(p
la
n
ts
/m
2
)
4
.4
9
±
6
.6
6
3
.7
1
±
1
3
.9
8
1
.7
3
±
1
.5
6
4
.2
6
±
5
.1
9
0
.3
2
±
1
.3
2
1
.5
2
±
4
.2
3
1
0
.7
5
±
1
8
.4
9
6
.8
0
±
1
1
.1
7
0
.2
1
±
1
.0
9
0
.0
5
±
0
.4
3
Q
u
ad
ra
t
d
en
si
ti
es
ar
e
re
p
o
rt
ed
as
th
e
m
ea
n
±
st
an
d
ar
d
d
ev
ia
ti
o
n
However, this difference appears to be largely driven
by the fact that there are areas of the field in which
neither species performs well. When we exclude
these joint co-absence quadrats, we see negative cross
correlation. At the finest scale (within-quadrats),
there also appears to be a negative cross-correlation
between species which re-emerges, indicating strong
biotic interactions. These results highlight the impor-
tance of studying distributions at multiple scales and
at scales relevant to the mechanisms under study
(Wiens 1989).
The fact that we see both positive autocorrelation
and positive cross-correlation (at similar scales)
within a field when including all quadrats studied is
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Fig. 5 Correlations at the
field scale with and without
joint absence plots. The
filled dots indicate that a
particular coefficient was
significantly negative or
positive. All correlograms
were globally significant.
The autocorrelation in both
species is positive at both
scales. The cross correlation
is positive at the field scale
(2 m binning increment)
when considering joint
absences; however, at the
same scale excluding joint
absences, there is negative
cross correlation. This
implies that the positive
correlation is largely driven
by both species not growing
well in certain areas;
underlying this is a weaker
negative association, likely
driven by competition or
subtle habitat preferences.
The data shown are from P1
in 2005; P2 and I are
qualitatively similar
most consistent with the hypothesis that both species
aggregate in favorable habitats. It may be that
positive correlation in microsite suitability for ger-
mination induces the positive cross-correlation
between these species; this effect is strong enough
to outweigh the overall negative effects of competi-
tion. Thus the strongest competitive force at the scale
of a field appears to be lottery competition to replace
adults in favorable sites. The beneficial effects of
being in good sites can be greater than the effects of
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Fig. 6 Correlation across scales of study. Correlograms show
the auto and cross-correlation at the three scales studied.
Positive autocorrelation or cross-correlation occurs when
correlations at the smallest distance classes are positive, and
similarly for negative auto/cross-correlation. The filled dots
indicate that a particular coefficient was significantly negative
or positive. While autocorrelation in both species is consis-
tently positive, cross correlations show a very different picture.
At the regional scale, cross-correlation is negative; this is
different at the field scale, where there is a positive association
between the two species. At the finer scale, when excluding
joint absences, a small-scale negative association is observed
(data shown: 2004 regional density index, 2004 P1 data for
field and fine scale). Results for the other three fields were
similar, with the exception of Site R, likely due to its highly
linear nature (along a roadside)
competition with neighbors (Seabloom et al. 2005),
particularly when patch quality varies in time (Fowler
1988).
Although this study was observational, making it
generally more difficult to assign causality, the results
of the pattern are consistent with the experiments of
competition between these species (Rauschert 2006),
which indicate that resource competition between
these species does not appear to be very strong and
that there are not strong differences between the
species in terms of their competitive abilities. A
companion study of the vegetation in the fields of co-
occurrence found that there is a difference in the
vegetation community between thistle quadrats and
non-thistle quadrats, but that there are not strong
differences between the quadrats occupied by C.
nutans and C. acanthoides (Rauschert 2006). We also
found significant spatial structure in the vegetation
community, which further suggests that the fields are
not homogeneous. A potentially valuable extension to
this study would be to try to quantify the abiotic
heterogeneities (such as soil texture or nutrients) in
these fields. Once the heterogeneities to which the
thistles are responding are known, it would be
possible to account for them in the analysis, and see
how the remaining pattern is distributed. In a study of
aggregated congeneric fungi, Komonen (2005) found
that once spatial clumping of suitable habitat was
accounted for, the species distribution appeared to be
random. A better understanding of the smaller scale
environmental variation could be used to make
predictions about where we might find thistles at
larger scales. For example, Collingham et al. (2000)
found that the same environmental variables that
were important at a smaller scale (2 km) were also
important at a larger scale (10 km) in their study of
riparian weeds. These authors claim that it is possible
to scale up within the same spatial extent, and it is
possible to focus down from larger extents to smaller
extents at the same resolution. Allen and Shea (2006)
found no differences in habitat preferences of our two
congeneric thistles at the regional scale. Our study
suggests that they also prefer the same habitats at the
field scale.
An important exception to the general pattern of
positive cross-correlation at smaller scales was found
in Site R. This site represents more of a transition
between the regional scale and the field scale, since it
is quite long (approximately 1 km). The two species
were not well mixed at this site, because the upper
portion surveyed only had C. nutans, and the lower
section only C. acanthoides. It is likely that these two
species were introduced into this site when contam-
inated soil was brought in for the road edge; neither
species is present for over a mile in either direction of
the road, nor are they able to grow off the road in the
forested areas. It is possible that soil from different
areas, contaminated with different species, was used
in sections of the road, leading to areas which only
contain one species or the other, and that it is difficult
in such poor habitat for the species to spread beyond
the area of original introduction.
Seabloom et al. (2005), in an experimental grassland
started from spatially random seeding, found that
different processes (dispersal, competition, environ-
mental heterogeneities) took different amounts of time
to generate spatial structure during succession, and the
spatial scale of the processes had different extents.
Environmental heterogeneity caused aggregation in
just 1 year at smaller spatial scales; dispersal and
competition led to increasingly negative cross-corre-
lation between species, which was not very apparent
after 1 year, but became more apparent with time.
Spatial patterns may sometimes develop quite rapidly;
Stoll and Bergius (2005) found that competition led to
regular spacing of plants within a five week experi-
ment. The spatial segregation that develops from
competition can be important in promoting coexis-
tence of similar competitors, particularly if the scales
of intra- and inter-specific competition are different
(Murrell and Law 2003). In the areas that we studied,
there should have been significant time for competition
between the two species to leave a spatial signal: the
two pasture fields that we studied were permanent
pastures, and Site I appeared to have been managed
similarly for at least the last 5 years. The signature of
competition that we were able to observe was weak
enough to be overridden by the effect of aggregation in
favorable habitats.
As both of these species are of management
concern, their movement and range expansion are of
particular interest. Collingham et al. (2000) found
that scale influences conclusions reached about
whether or not a species had expanded and filled its
potential range; larger (coarser) spatial scales were
more likely to indicate that range expansion had
ceased. Although these species occur across Penn-
sylvania, they are not found in all potentially suitable
habitats (E. Rauschert, pers. obs.). Their projected
invasion wave speeds, caused by natural dispersal,
calculated using data collected in Pennsylvania, are
very low: for C. acanthoides it is approximately 3 m
per year, and for C. nutans is approximately 10 m per
year (Skarpaas and Shea 2007). It is obvious that they
have not moved across the state in less than 200 years
via wind dispersal: presumably humans have moved
them to areas far from the original introductions, but
they may still be slowly filling in areas in between.
Thus, it is possible that their current regionally
segregated distribution is a historical artifact, which
will decay over time.
C. nutans and C. acanthoides had markedly differ-
ent spatial relationships at the three scales at which we
studied them: segregation at a larger scale, aggregation
at a medium scale and segregation at a fine scale. This
is counter to the pattern that has been seen in other
species. It is possible that such relationships are more
likely to be seen for invasive species as compared to
native species. At larger scales, invader presence may
be primarily due to human activities, and may be due to
human-mediated invasion history. At finer scales, their
interactions with each other, with resident species and
local habitat heterogeneity, as well as local distur-
bance regimes, may lead to quite different patterns of
association. Caution should be taken when concluding
that particular processes are unimportant, given that
the scale of study can influence whether or not effects
are observed. Given the slow natural spread of many
species, it may take a very long time for natural small
scale processes to influence large-scale distributions.
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